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ABSTRACT 
Shannon L. Speer: Protein Complex Stability in Living Cells 
(Under the direction of Gary J. Pielak) 
 Two thirds of disease-associated mutations disrupt crucial protein-protein 
interactions, yet these interactions are rarely studied in their native environment—in 
living cells. The cytoplasm of a cell is a complex and dynamic environment where the 
concentration of macromolecules can exceed 300 g/L. There is mounting evidence that 
protein stability is different in cells than it is in dilute buffered solutions, but the effects of 
crowding on protein-protein interactions and binding are not well characterized. While 
the effects of the crowded cellular environment on protein folding have been extensively 
studied, there is little information on how the crowded cellular environment affects 
protein-protein interactions. My work expands on these studies by examining the effect 
of the cellular environment on protein complex stability. In the first part of my 
dissertation, I determine how to calculate protein concentration in living Escherichia coli 
cells. Protein concentration is essential to determining the effect of the crowded cellular 
environment on protein-protein interactions. After determining protein concentration in 
living cells, I focused on controlling protein expression and determined that regular 
protein expression cells, BL21(DE3), cannot control protein expression, but Tuner(DE3) 
cells act like a rheostat and tune protein expression. Finally, I had all the pieces I 
needed to determine how the cytoplasm effects protein-protein interactions. My results 
demonstrate the importance of chemical interactions in crowding theory, contradicting 
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the assumption of traditional crowding theory that the more crowded environment 
should be more stabilizing. These results build a foundation for studying biologically 
relevant proteins in living cells. 
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CHAPTER 1: PROTEIN-PROTEIN INTERACTIONS IN LIVING CELLS 
Introduction 
Two-thirds of missense mutations perturb protein-protein interactions, but there is 
little information on protein-protein interactions in their native environment—living cells.2, 
3 The cytoplasm of the cell is a complex and dynamic environment where the 
concentration of macromolecules can exceed 300 g/L and occupy 30-40% of the 
cellular volume, which alters the rates and equilibria of biochemical processes.4 High 
concentrations of ions, metabolites, nucleic acids, and proteins define the environment 
where macromolecules function, and in these crowded and complex environments, 
proteins experience interactions with macromolecules that are absent in dilute buffered 
solutions where proteins are most often studied.5, 6  
Crowding effects on protein folding have been extensively studied and are 
explained by a balance of excluded volume4, 7 and soft (chemical) interactions.7-11 
Traditional crowding theory treats molecules as inert spheres that exclude volume due 
to steric repulsions. As a result, increased concentrations of crowding molecules will 
favor the more compact folded state of the protein. These steric repulsions are 
modulated by soft chemical interactions between a protein and the surrounding 
molecules. Non-specific chemical interactions can be attractive and destabilizing,12 
which favors the unfolded state of the protein, or repulsive and stabilizing, which favors 
the folded state.13 Effects of crowding on protein folding have highlighted the importance 
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of studying processes inside the cell; however, the effects of excluded volume on more 
complex processes such as protein-protein association are not well-characterized.    
One of the earliest analyses of protein interactions in crowded environments was 
in 1981 when Minton theorized that excluded volume effects would enhance 
macromolecular association.7 Later in 1993, he demonstrated that crowding alters 
macromolecular recognition using the examples of a protein-ligand interaction and a 
virus binding to cell receptors.14 In years following, investigations of crowding effects on 
the thermodynamics and kinetics of protein association have been conducted with the 
following interaction partners: calmodulin and a target peptide,15 TEM1 and BLIP,16 
barnase and barstar,16 and SOD and catalase.12 Minimal effects on interactions were 
demonstrated in these experiments, but only polymers such as Ficoll, Dextran and 
polyethylene glycol (PEG) were used as crowding molecules.16 High concentrations of 
polymers have been used for decades to mimic the crowded cellular environment, but 
recent studies have shown that polymers only have a small effect on protein-protein 
interactions and polymers fail to reflect the biological reality of living cells.13, 16 Common 
crowding agents have little effect on protein-protein interactions; therefore, it is 
important to study protein-protein interactions in living cells. 
Experimental determinations of interactions between proteins can be split into 
two types: one that views protein-protein interactions at a large scale to measure co-
complex formation, and the other that views protein-protein interactions at a small scale 
to measure binary, direct interactions between protein pairs. For this chapter, I am going 
to focus on measuring the effect of the cellular environment on direct interactions 
between protein pairs.  
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Quinary Interactions 
These interactions between proteins and the cellular environment can be 
considered quinary interactions. Linderstrøm-Lang defined the first four levels of protein 
structure in 1952.17 Primary structure is the amino acid sequence. Secondary structure 
describes alpha-helices, beta-sheets and turns. Tertiary structure describes how 
secondary structure comes together to form a three-dimensional conformation of a 
protein, and finally, quaternary structure defines how proteins come together to form 
dimers, trimers, and so on. The fifth level of protein structure is quinary structure that 
results from weak interactions found in the crowded cellular environment (Figure 1.1).18 
Quinary structure is defined as “the transient interactions between macromolecules that 
provides organization and compartmentalization inside cells.”10 Recent studies have 
shown that electrostatics play a major role in these types of interactions, but it would be 
remiss to say these are the only kinds of quinary interactions.9, 19 Quinary interactions 





Figure 1.1. Five levels of protein structure by Chris A. Pielak. The tertiary and 
quaternary structures are based on the B1 domain of protein G (PDB ID GB1 and 
2RMM). Reproduced from Cohen et al. with permission. Copyright (2016) Protein 
Science.18  
 
Quinary interactions can impact the stability of protein complexes. Protein 
complexes can exist in equilibrium between a singular monomer and a dimer, and 
protein complex stability can be defined as the modified standard state free energy of 
the dimer minus that of the monomer, ∆𝐺𝐷→𝑀
∘′  (Equation 1.1). ∆𝐺𝐷→𝑀
∘′  equals the 
available thermal energy, RT, where R is the gas constant [1.987 cal/(mol K)] and T the 
absolute temperature, times the natural logarithm of the ratio of the concentrations of 
two states (Equation 1.2). To quantify the effect of the cellular environment, ∆𝐺𝐷→𝑀
∘′  is 
measured in cells and the stability in buffer is subtracted to give ∆∆𝐺𝐷→𝑀
∘′  (Equation 1.3).   
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∆𝐺𝐷→𝑀
∘′ = ∆𝐺𝐷 
∘′ − ∆𝐺𝑀
∘′  (1.1) 
∆𝐺𝐷→𝑀
∘′ = −𝑅𝑇𝑙𝑛(𝐾𝑑)  (1.2) 
∆∆𝐺𝐷→𝑀
∘′ =  ∆𝐺𝐷→𝑀,𝑐𝑒𝑙𝑙𝑠
∘′ − ∆𝐺𝐷→𝑀,𝑏𝑢𝑓𝑓𝑒𝑟
∘′  (1.3) 
Protein Solvation 
While most of the work done thus far in the field of crowding has focused on 
protein-crowder interactions, relatively little is still known about the effect crowding has 
on hydration. However, recent studies have suggested that water particles diffuse more 
slowly by a proteins surface and are more ordered than bulk water. Further, a simulation 
from the Gruebele and Pogorelov labs suggests that solutes in the cell can alter the 
structure of interfacial water layers and change their interaction with protein surfaces.20 
These interactions with the limited available space for a protein to interact in can 
change protein structure and activity. 
Protein Association 
 The reaction describing the association of proteins A and B to form the 
heterodimer complex A-B is written as  
𝐴 + 𝐵 ⇌ 𝐴 − 𝐵  (1.4) 
For the first part of the introduction, the reaction is considered to occur at one 
atmosphere in dilute buffered aqueous solutions near physiological pH, i.e. modified 
standard state conditions. The equilibrium dissociation constant, 𝐾𝐷, is written in terms 
of molar concentrations, c, or the rate constants for formation and dissociation, 𝑘𝑜𝑛, and 







    (1.5) 
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𝐾𝐷 has the units of concentration. The smaller its value, the more likely (i.e., the 
stronger) the interaction.  
 The most straightforward binding experiment involves fixing the A concentration 
and varying the B concentration. Data are often plotted as a binding isotherm (Figure 
1.2) with the fraction bound (fb) on the y-axis and the increasing concentration of 
monomer on the x-axis is fit to the equation below 




to yield the dissociation constant, KD (Figure 1.2). When the product is a homodimer 





The dissociation constant can be converted to the free energies of dissociation (Δ𝐺𝐷
∘ ′) 
using the Gibbs equation,  
∆𝐺𝐷
°′ = −𝑅𝑇𝑙𝑛(𝐾𝐷) (1.8) 




Figure 1.2. Binding isotherm for 3-fluorotyrosine labeled side-by-side dimer in solutions 
of cytosol (75 g/L, blue), buffer (black), and ethylene glycol (200 g/L, red) at pH 7.5, 298 
K.  Reproduced by Guseman et al. with permission. Copyright (2017) Biochemistry.13 
 
The effect of the cellular environment on protein-protein interactions is quantified 
by comparing equilibrium- or rate- constants acquired in buffer alone to the constants in 
crowded conditions. Equilibrium constants should be written in terms of thermodynamic 
activity, 𝛼, of each component, i:  
                                                                           𝛼𝑖 = 𝛾𝑖𝐶𝑖 (1.9) 
The effect of non-ideal conditions is encoded in the unitless activity coefficient, 𝛾. In 
equation 1.9, we assumed that 𝛾 is one and the activity equals the molar concentration, 
C, under nearly ideal conditions in dilute buffer. 
 Crowding changes 𝛾, such that the Kd in dilute solution conditions must be 
modified by the ratio of activity coefficients to give the dissociation constant under 
crowded conditions.  





Thus, the crowding effects are contained in the ratio of KD, crowd to KD. The effects of the 
cellular environment can then be propagated into the changes in the equilibrium binding 
free-energy, enthalpy, and entropy as well as activation parameters. 
 In what follows, we summarize the results from investigations using living cells. 
Values of KD/KD,crowd are as large as 100, which translates to a ∆∆𝐺𝐷
°′ of less than 3 
kcal/mol at physiological temperatures. Such changes seem small, but biological 
macromolecules and their complexes are stabilized by cooperative interactions, so 
small changes in free energy can have large biological implications. For instance, 
increasing the incubation temperature of alligator eggs by 4℃, corresponding to 0.01 
kcal/mol of thermal energy, changes the sex of hatchlings from 100% female to 100% 
male.21 We then discuss the strengths and weaknesses of the techniques used to 
acquire the data, interpretations of the results, and finally ideas about what needs to be 




Table 1.1. Living cells effects on protein complex stability near room temperature and 
neutral pH. 
Protein Complex Cell (s) Method Parameters 
MAPK Ste11, Ste7, 
Fus3/Ste522 




Globular/globular CHO cells SW-FCCS K 







TEM-1/BLIP25 Globular/globular Hela cells FRET ka,kd, t1/2 
GAPDH/PGK26 Globular/globular multi-
enzyme complex 







HeLa cells DEER 
spectroscopy 
K 
Abbreviations: BLIP, β-lactamase inhibitor protein; CHO, Chinese hamster ovary; CRIB, Cdc42- and Rac-
interactive binding; DEER, double electron-electron resonance; FCCS, FCS, fluorescence cross-
correlation spectroscopy; FRET, Förster resonance energy transfer; GADPH, glyceraldehyde 3-
phosphate dehydrogenase; IQGAP1, Ras GTPase-activating-like protein; IRSp53, insulin receptor 
substrate protein; K, equilibrium constant for association or dissociation; ka, association rate constant; kd, 
dissociation rate constant N-WASp, neural Wiskott-Aldrich syndrome protein; ; MAPK, mitogen-activated 
protein kinase; PGK, phosphoglycerate kinase; SOD, superoxide dismutase; SW-FCCS, single 
wavelength fluorescence cross-correlation spectroscopy; TEM-1, β-lactamase protein; t1/2, half-time of 





Studying and characterizing protein-protein interactions in living cells is much 
more challenging than studying a single protein in living cells. In the 1920s, Perrin 
introduced the concept of dipole-dipole interactions and the idea of distance 
dependence of energy transfer.28  Fluorescence resonance energy transfer (FRET) has 
been used as a spectroscopic ruler to measure molecular proximity. FRET uses a 
higher energy donor fluorophore to transfer energy directly to a lower energy acceptor 
molecule, allowing for the acceptor to fluoresce. Additionally, FRET cannot be observed 
at distances longer than 100 angstroms, implying this is a useful technique to study 
protein-protein interactions in living cells. FRET is effective at a distance of 10-100 
angstroms, which is equivalent to the size of macromolecules and can provide detail on 
protein-protein interactions. Emergence of fluorescent proteins SNAP- and CLIP- tag 
proteins provide FRET with the ability to monitor changes in a molecular complex in real 
time.29 Förster theory states that the efficiency of energy transfer (E) is a function of the 
inverse sixth power of the distance separating the two interacting molecules (d) and is 
expressed by the following equation. Here, R0 is represented as Förster distance, which 







FRET assays have been widely used to characterize DNA-protein, lipid-protein, and 
protein-protein interactions in vitro and in cells.   
Visualizing Protein-Protein Interactions in Living Cells  
Saccharomyces cerevisiae is one of the most common organisms used to study 
protein-protein interactions. Cyan fluorescent protein (CFP) and yellow fluorescent 
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protein (YFP) fusions were co-expressed containing the N-terminal transmembrane 
domain (NTM) of Tom70p and analyzed in living yeast cells using FRET.30 Flow 
cytometry can be used in combination with FRET to make cross-talk corrections through 
simple compensation parameters common to all flow cytometers and can be used for 
examining small or large cells. Dye and Ahlquist showed that CFP and YFP can be 
used as indicators of protein-protein interactions (Figure 1.3).30 
 
Figure 1.3. (a) Intramolecular FRET can occur when both the donor and acceptor chromophore 
are on the same molecule which undergoes a conformational change. In each square box 
corresponding to CFP or YFP (shown in cyan or yellow respectively), a diagonal line represents 
the chromophore. The amount of FRET transferred depends on the relative distance (<100 
angstroms). (b) Intermolecular FRET can occur between one molecule (protein A) and another 
molecule protein (B) fused to the acceptor (YFP). When the two proteins bind, FRET occurs. 
When they dissociate, FRET diminishes. Reproduced from Truong et al. with permission. 
Copyright (2001) Current Opinion in Structural Biology.1  
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Fluorescence Correlation Spectroscopy (FCS)  
Fluorescence correlation spectroscopy is a common technique for determining 
diffusion coefficients, chemical rate constants, molecular concentrations, fluorescence 
brightness, triplet state lifetimes, and other molecular parameters.31 FCS measurement 
has been used to characterize protein-protein interactions because when a fluorescent 
ligand binds to a macromolecule, its mobility will be restricted, allowing for quantification 
of dissociation constants. However, the use of FCS for the study of protein-protein 
interactions is limited because the diffusion constant scales only to the power of one-
third of the molecular mass, making it difficult to differentiate between single 
fluorescently labeled molecules and protein complexes.32 To overcome the limitations of 
FCS, FCCS with dual-color fluorescence was created. 
Fluorescence Cross-Correlation Spectroscopy (FCCS) 
 Fluorescence cross-correlation spectroscopy has been used to characterize and 
quantify protein-protein interactions in vitro because it allows for the detection and 
characterization of two protein molecules. FCCS has been derived from fluorescence 
correlation spectroscopy (FCS), which allows the determination of whether a protein is 
part of a larger complex from the diffusion rate of single molecules. Green fluorescent 
protein and other GFP color variants are the most commonly used fluorescent tags for 
FCS and FCCS. Additionally, GFP is a monomeric protein; therefore, it and its variants 
can be used to study protein-protein interactions. 
  In FCCS, interacting molecules can be studied using different fluorescent groups 
and the interaction can be studied by following the fluctuations in fluorescence intensity 
of both labeled molecules. FCCS combines the sensitivity and possibility of monitoring 
interactions at physiologically relevant concentrations. 
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DEER Spectroscopy  
 Double electron-electron resonance (DEER) technique, also called pulsed 
electron double resonance, separates pairwise couplings between electron spins from 
other interactions. DEER can observe dipole-dipole interactions between spin labels in 
two molecules even if complex formation is incomplete and transient and can thus be 
used to detect and quantify changes in protein-protein interactions. Similar to FRET, 
DEER can detect distances from 10-100 angstroms depending on protein type and 
environment. Further, DEER is especially useful for characterizing protein complexes 
that are too large for NMR or too difficult to crystalize. 
Protein-complex stability in cells 
 Studying protein-protein interactions in living cells is complex and challenging, 
and most experiments have focused on fluorescence detection to assess complex 
formation (Table 1.1). The Knop group made the some of the first measurements of KD 
in living cells using yeast.22 Unfortunately, the dilute solution values were not reported; 
therefore, the results cannot be used to assess the effect of the cellular environment on 
protein-protein interactions.22 Sudhaharan et al. studied the interactions between the 
RhoGTPase CDC42 and three of its effector proteins in Chinese hamster ovary cells.23 
Comparison with in vitro data shows that the cellular environment decreases the 
dissociation constant, KD, by about a factor of two. The Wohland lab quantified complex 
formation between a CDC42 variant and an actin-binding scaffolding protein in zebra 
fish embryos.24 The KD value of 100 nM in embryos is about five-fold larger than the 
value determined in buffer. Phillip et al. identified a small decrease in ka for the TEM1 β-
lactamase β-lactamase inhibitor protein (BLIP) complex in HeLa cells compared to 
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buffer.25 They also showed that increasing the positive charge has no effect.25 
Considering the majority of proteins in most cells are polyanions, these data also 
suggest a role for charge; however, the dissociation constant was not measured in 
HeLa cells. 
 The Gruebele lab assessed complex formation between glycolytic enzymes, 
glyceraldehyde 3-phosphate dehydrogenase (GADPH) and phosphoglycerate kinase 
(PGK) in human U-2 OS cells.26 The stoichiometry changes from 1:1 in buffer to 2:1 in 
cells, and the KD values were compared by taking the square root of the value 
determined in cells, resulting in a decrease from 20 µM to 14 µM in cells. The biggest 
takeaway is that quinary interactions stabilize this multienzyme complex in living cells. 
 The Ka of the homodimeric XIAP complex has be quantified in HeLa cells and 
these results demonstrated that the cellular interior destabilized this protein compared 
to buffer (Figure 1.4).27 The crystal structure of the dimer shows that the protein is 
stabilized by a salt bridge, therefore, the cellular interior could be destabilizing to this 
protein-protein interaction because cells typically have a higher ionic strength it could 
cause the salt bridge to break. Together, these results point to the need for better 







Figure 1.4. Comparison of the in-cell 𝜆 values for Gdl-labeled BIR1 conjugates inside 
HeLa cells (black), in cell expected values (red) calculated using the solution KD value 
and corrected in-cell location concentrations determined from calibration curve. The 
blue symbols give experiment 𝜆 values increased by 30% as described in the text. 
Reproduced from Yang et al. with permission. Copyright (2020) National Academy of 
Sciences. 27  
 
 
Methods to Quantify Protein-Protein Interactions 
While most of the work done to quantify protein-protein interactions in living cells 
has been completed using fluorescence at physiologically relevant protein 
concentrations, fluorescence methods rely on large labels to quantify protein-complex 
formation. To offset the changes the fluorescent labels may cause for protein 
association it is important to compare the same system in buffer to that in living cells. 
One way to overcome the use of huge (up to 600 Da) labels is by using NMR to detect 
protein-protein interactions. NMR-based detection methods usually involve fewer 
structural perturbations because isotopic enrichment relies upon smaller labels like 
19F,33 but NMR often lacks the sensitivity of fluorescence-based methods, so larger 
amounts of the protein of interest are necessary. The EPR-based DEER methodology 
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combines high sensitivity and small perturbations due to spin labeling, but often requires 
low temperatures that are not physiologically relevant. 
 Additionally, in-cell based measurements and dissociation constants are only 
apparent because of the competition between labeled protein that is required to make 
measurements and the unlabeled, natural version of the protein. Further, another 
challenge researchers have to overcome when making in-cell measurements relies on 
knowing the cell volume, and most of the time cell volumes are taken directly from 
literature values posted years ago. Even if the cell volume can be measured directly, the 
volume of the protein-complex is often unknown as well. 
Next Steps 
 We would like to reiterate the importance of studying proteins in their native 
environment and the importance of considering hard-core repulsions and chemical 
interactions when studying protein-protein interactions in living cells. While there are still 
many additional studies needed to understand the role of quinary interactions in protein-
complex formation in living cells, it is now time to study transient protein-protein 
interactions in living cells. The next step in understanding how protein-protein 
interactions occur in living cells is to understand the effect of not only charge, but also 
shape on protein-complex formation. 
 Progress has also been made in efforts to quantify protein-protein interactions in 
bacteria, but Kd values have not emerged yet. My graduate work has focused on 
quantifying the stability of a protein-protein interaction in E. coli cells using 19F Nuclear 
Magnetic (NMR) spectroscopy. Our lab chose to use 19F NMR to characterize protein-
protein interactions because it is non-native to biomolecules, is 83% the sensitivity of 
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proton NMR, and simplifies the study of complex biological processes. My research has 
used a variant of the B1 domain of protein G, which forms a side-by-side dimer.34 To 
overcome common problems with studying protein-protein interactions in living cells, 
first we had to determine a way to determine protein concentration in living cells,35 and 
then we had to control protein expression.36 Both methodologies have been published 
by our lab. In my research, I found that the intracellular environment stabilizes the side-
by-side dimer and decreases the Kd from 37 µM to 11 µM in E.coli cells and from 40 µM 
to 6.5 µM in Xenopus oocytes. These findings illustrate the importance of studying 
protein-protein interactions in their native environment. Traditional crowding theory 
would predict that the more crowded cytoplasm of prokaryotic cells, 300 g/L, would be 
more stabilizing than the cytoplasm of eukaryotic cells, 200 g/L. However, our results 
from studying a variant of GB1 indicate that the eukaryotic system is more stabilizing 
than the prokaryotic system. This study illustrates the importance of accounting for “soft” 
chemical interactions when studying protein- and protein-complex stability in living cells. 
 Most of these studies demonstrate the importance of studying proteins in their 
native environment and show that when studying proteins in living cells the results often 
indicate little difference to buffer or stabilization.23-26  
Summary and Closing Thoughts 
 While FCCS has been a great starting point for characterizing and quantifying 
protein-protein interactions in living cells, it is important to study protein-complex 
formation without the interference of large labels. DEER and NMR can overcome the 
limitations of FCCS and FRET.1, 29 The use of 19F NMR allows for the quantification and 
visualization of complex protein-protein interactions in living cells. The early results from 
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studying protein-complex formation in living cells indicate the importance of quinary 
interactions. Previously, crowding theory was predicted to mainly consist of excluded 
volume which always favors compact states of proteins, but studies of protein- and 
protein-complex stability in crowded conditions suggest that crowding is a balance of 
hard-core repulsions and chemical interactions. Efforts to understand these complex 
processes in living cells are essential for understanding cellular organization, 
homeostasis, and metabolism. 
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CHAPTER 2: CONTROLLING AND QUANTIFYING PROTEIN CONCENTRATION IN 
ESCHERICHIA COLI1 
Introduction 
Until recently, hard-core excluded volume was thought to be the key to 
understanding how the crowded and complex cytosol affects protein biophysics 
compared to dilute solutions.3, 7 Information from in-cell protein NMR studies in 
Escherichia coli cells and lysates show, however, that chemical (aka soft) interactions 
between macromolecules and the protein being studied (the test protein), can be as 
important, or even more important, than hard-core repulsions.37 38To gain the most 
information about hard- and soft- interactions it is necessary to know the concentration 
of test proteins in cells. For instance, to produce the binding isotherms required to 
quantify the strength of protein-protein interactions using in-cell NMR, it is imperative to 
know, and be able to control, the concentration of the binding partners. Information 
about test protein concentration is also required to understand the potential for 
contributions from test protein-chaperone interactions.39 However, little is known about 
the concentration of test proteins in cells. 
We set out to control and quantify the concentration of a variant of the B1 domain 
of streptococcal protein G (GB1)40 in E. coli. The T2Q;L5V;F30V;Y33F;A34F mutant34, 41 
was used for protein expression. We call this protein the GB1 variant. 
 
1 Edited from Shannon L. Speer,1 Alex J. Guseman,1,2 Jon B. Patteson1, Brandie M. Ehrmann1, and Gary 
J. Pielak1,2,3,4,5* Protein Science 28:1307-1311 
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Many expression systems exploit the lac operon, whose gratuitous inducer, isopropyl β-
D-thiogalactoside (IPTG), acts in a stochastic and binary manner in commonly used E. 
coli strains, including BL21.42 That is, expression is either ‘on’ or ‘off’. Low IPTG 
concentrations induce synthesis in a small minority of cells. At high concentrations, all 
cells express protein at a high level. This arrangement is not appropriate for examining 
protein-protein interactions because a valid binding isotherm requires that every cell 
contains the same test protein concentration. That is, expression must be 
homogeneous across all cells. To overcome this problem, we use Tuner (DE3)™ cells 
(Novagen), which harbor a deletion (lacZY) of lactose permease that makes every cell 
equally permeable to IPTG.42, 43 The result is homogeneous expression that can be 
controlled, rheostat-like by varying the inducer concentration. 
To understand our method (Fig. 2.1) it is useful to consider the definition of 
molarity: the number of moles of solute per liter of solution. In our case, the solute is the 
GB1 variant and the ‘solution’ is the cytoplasm. We use liquid-chromatography mass 
spectrometry (LC-MS) to quantify n, the number of moles, and flow cytometry to 
quantify both the number of cells, N and their average volume, V. These quantities are 
combined to give the concentration, C. 
C = n/NV (2.1) 
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Figure 2.1. Quantifying protein concentration in cells. A sample of Escherichia coli cells 
expressing the GB1 variant (left), is subjected to flow cytometry (middle bottom) to 
obtain the number of cells, N, and the volume of cells, V. The cells are then lysed and 
subjected to LC-MS (middle top) to determine the moles of protein, n, and the average 
molarity per cell calculated (right). 
 
Results 
The IPTG concentration was varied between 0 µM and 500 µM. Chloramphenicol 
was used halt expression. We confirmed the expression of the GB1 variant by 
comparing LC-MS data from cell lysates to data from the purified GB1 variant (Fig. 2.2). 
To quantify the number of moles of the GB1 variant, we analyzed extracted E. coli 
lysates with LC-MS (Fig. 2.3) using the method of standard addition to overcome the 




Figure 2.2. Correcting for the matrix effect. A sample of E. coli cells expressing the GB1 
variant is lysed and purified GB1 variant is added to the cell lysate. The cells are then 





Figure 2.3. Quantifying GB1 variant concentration. Total ion chromatogram of purified 
GB1 (left), and a cell lysate (right, pink) with its extracted ion chromatogram (purple m/z 
1040.6487 [M+H]+) in E. coli lysate (right). 
 
 
Cell size was determined from forward and side scatter of cells using flow cytometry. 
Our data indicate that the average length of an E. coli cell is 1.7 ± 0.2 m and the 
average width is 1.20 ± 0.02 m (Fig. 2.4). The volume, V, was calculated by assuming 
E. coli cells are cylinders.  The average cell volume is 2.10 x 10-15 ± 0.03 L. This volume 
is larger than the predicted range of, 0.44 - 1.79 x 10-15 L/cell,45 because it includes the 
periplasm, which can amount to 20% to 40% of the total cell volume under normal 
growth media.46 Accounting for the periplasm decreases the volume to 1.7 – 1.3 x 10-15 
L, consistent with predictions. The range of volumes arises from different growth 
conditions and acts as a reminder that analysis of cell size must be performed under the 





Figure 2.4. Inducer does not change the length and width of an E. coli cell. A sample of 
E. coli is subjected to flow cytometry and histograms of lengths and widths are obtained 
from forward and side scatter.  
 
 
The number of cells in a sample, N, was determined using a counting-flow cytometer 
and confirmed using OD600.45, 47-51 We then quantified the average molarity per cell as a 
function of IPTG concentration using the number of moles of the variant, the average 
cell volume and the number of cells (Fig. 2.5).  
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Figure 2.5. Quantifying GB1 protein concentration in Tuner(DE3) cells. Uncertainties are 
propagated from triplicate analysis. A sample of E. coli cells expressing the GB1 variant 
is lysed and subjected to LC-MS to determine the moles of protein and the average 




The intracellular concentration of GB1 varies between 1.4 mM using 31 M 
IPTG, and 2.1 mM at 500 M IPTG (Fig. 2.5). These concentrations are larger than that 
of any natural protein in E. coli,52 including chaperones.39 The protein with the highest 
concentration in E. coli (~100 μM) is the chain elongation protein, EF-Tu.52 Gro EL, the 
most highly expressed chaperone in E. coli has a concentration of less than 50 μM.39  
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 What do these findings mean for using in-cell protein NMR in E. coli to gain 
physiologically-relevant data? The fact that the level of the test protein is often more 
than ten times the concentration of the most abundant chaperone, and the fact that 
experiments are limited to no more than a few hours (because of viability and leakage 
concerns) means that chaperone-test protein interactions are probably not important.53 
 The data also provide insight into what can be learned about protein-protein 
interactions in cells. The current detection limit for prokaryotic in-cell protein NMR is ~10 
μM, but 100 μM is required for acquiring high-quality data, even with a cold probe.54-57 
Therefore, given the data in Fig. 2.5, dissociation constants of ~50 μM up to ~1 mM 
should be quantifiable.  
 The intracellular concentration of macromolecules under common growth 
conditions58 is 200 g/L to 300 g/L4 and does not increase when upon overexpression of 
a test protein.59 Nevertheless, test-protein overexpression limits the physiological 
relevance of in-cell NMR data. For instance, one of the next frontiers in biophysics will 
be understanding quinary interactions in cells, the transient interactions between 
macromolecules that provide organization and compartmentalization inside cells.10 
Unfortunately, overexpression of even native E. coli proteins, eliminates the potential for 
providing detailed information about physiologically-relevant quinary interactions 
because overexpression necessarily spoils their stoichiometry. Such studies 
nonetheless provide essential information about protein biophysics in cells because the 
data reveal the types (charge-charge, hydrophobic, hydrogen bonding) and strengths of 
interactions that comprise physiologically-relevant quinary structure.8 
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Materials and Methods 
A pET11a plasmid harboring the GB1 T2Q; L5V;F30V;Y33F;A34F mutant was 
used for protein expression. The plasmid was transformed into Tuner (DE3) 
Escherichia coli cells (Novagen) by heat shock. A single colony was used to inoculate 5 
mL of Lenox Broth (10 g/L tryptone, 5 g/L yeast, 5 g/L NaCl) supplemented with 100 
g/mL ampicillin. This culture was incubated for 6 to 8 h at 37C with shaking (New 
Brunswick Scientific Innova I26, 225 rpm), after which 500 L was used to inoculate 50 
mL of Lenox Broth and the culture shaken overnight at 37C. 
The next day, 10 mL of the culture was used to inoculate 200 mL of 
supplemented M9 minimal media [50 mM Na2HPO4, 20 mM KH2PO4, 9 mM NaCl, 4 g/L 
glucose, 1 g/L NH4Cl, 0.1 mM CaCl2, 2 mM MgSO4, 10 mg/L thiamine, 10 mg/L biotin, 
and 150 mg/L ampicillin (pH 7.4)]. The culture was incubated at 37C and its optical 
density at 600 nm (OD600) was monitored (Bio-Rad Spectra Plus). Once the OD600 
reached 0.6, protein expression was induced by adding varying concentrations of IPTG 
(30- to 500- M, final concentration). After 1 h, the OD600 was measured and 
chloramphenicol (50 g/mL final concentration) added to halt protein expression. 
Aliquots of 1 mL were collected and analyzed to determine the dimensions 
(Amnis ImageStreamX Mark II). Calibration beads, 1 m-diameter, were included to 
monitor instrument performance (Apogee Flow). Small angle forward scatter light was 
used as a measure of cell size. The samples were then diluted 1:1 with trypan blue to 
determine the total number of cells (Thermo Fisher Attune NxT). 
Aliquots (1 mL) were collected and centrifuged for 10 min at 8000g (Eppendorf 
model 5430). These pellets were resuspended in 1 mL of autoclaved, deionized H2O. 
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Cells were lysed by sonication (Fischer Scientific Sonic Dismembrator model 500, 15 % 
amplitude, 0.50 s on, and 0.5 s off for 1 min). The lysates were loaded onto solid phase 
exchange columns (Micro Bio-Spin 6) and centrifuged for 4 min at 1000g. Aliquots of 
the extracted lysates (75 L aliquots) were flash frozen and lyophilized for 12 h 
(Labconco Freezone). GB1 standards were expressed and purified as described.60 
The lyophilized samples were resuspended in 500 L of LC-MS grade H2O 
containing 0.01% formic acid. The resuspended samples were split into two samples, 
one of which was analyzed alone. Varying amounts (1 to 10 M final concentration) of a 
GB1 standard were spiked into the other half of the sample. Aliquots (5 L) were 
analyzed by LC-MS. Separation was achieved with a Waters CSH C18 column (1.7 m, 
150 mm x 2.1 mm) in a gradient of 0% to 100% mobile phase B over 11.25 min (initial 
mobile phase: H2O, 0.01% formic acid; mobile phase B: acetonitrile, 0.1% formic acid). 
A Thermo Q ExactiveTM HF-X Quadrapole-OrbitrapTM mass spectrometer with an 
electrospray ionization source operating in positive ion mode was used. The GB1 
variant was detected and quantified in the cell lysate extract ([M+H] m/z 1040.6487, Fig. 
3).  
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CHAPTER 3: RHEOSTATIC CONTROL OF PROTEIN EXPRESSION USING TUNER 
CELLS2 
Introduction 
Many expression systems exploit the lac operon, whose inducer, isopropyl -D-
thiogalactoside (IPTG), acts in a stochastic manner in commonly used Escherichia coli 
strains such as BL21 (DE3).42 ‘Stochastic’ means that in such cells plasmid-driven 
protein expression is either “on” or “off.” That is, low IPTG concentrations induce protein 
synthesis in a small fraction of cells, and high IPTG concentrations induce protein 
synthesis in all cells.  
Tuner (DE3) E. coli cells are different. They contain a deletion (lacZY) of 
lactose permease, which should make all cells equally permeable to IPTG42, 43 and 
should result in homogenous protein expression that can be controlled, rheostat-like, by 
varying the IPTG concentration, but we are unaware of a direct test of this feature.  
To test the potential rheostatic nature of expression in Tuner cells, we exploited 
Le Chatelier’s principle; a system at equilibrium reacts to change in a way that 
counteracts the change. Specifically, we tested the effect of high and low IPTG 
concentrations on a monomer-dimer equilibrium in Tuner (DE3)- and BL21(DE3) cells 
using a variant of the B1 domain of protein G (GB1, UniProt ID P06654), whose sole 
tryptophan at position 43 can be easily labeled with fluorine.33 The A34F variant of GB1 
 
2 Edited from I-Te Chu*, Shannon L. Speer*, and Gary J. Pielak, Biochemistry 59:733-735   
*(denotes the authors contributed equally on this work) 
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forms a thermodynamically stable dimer.61 The monomer and dimer exhibit unique 19F 
chemical shifts and are in slow exchange on the chemical shift timescale.9 The idea is 
that increasing GB1 concentration in cells will affect the monomer dimer equilibrium.  
Materials and Methods 
A pET11a plasmid containing the GB1 A34F mutant was used for protein 
expression.9 The plasmid was transformed into BL21(DE3) (Novagen)- or Tuner(DE3) 
(Novagen) E. coli cells by heat shock. A new transformation was performed every three 
weeks. Following overnight incubation at 37 C, a single colony was used to inoculate 5 
mL of Luria broth supplemented with 100 g/mL ampicillin (final concentration). The 
culture was incubated with shaking at 37 °C at 225 rpm (New Brunswick Scientific 
Innova I26). After 6 - 8 h, 500 μL of the culture was used to inoculate 100 mL of 
supplemented M9 media. This 100 mL culture was shaken at 37 °C overnight and 
added to 100 mL of fresh supplemented M9 minimal media. The culture was incubated 
at 37 °C, and its optical density at 600 nm (OD600) was monitored (Bio-Rad Spectra 
Plus). When the OD600 reached 0.45, 12 mg of 6-fluoroindole (Sigma-Aldrich) dissolved 
in 250 μL dimethyl sulfoxide was added.33 The cultures were shaken for an additional 45 
min, after which protein expression was induced by adding IPTG to final concentrations 
of 25- or 1000- μM. After 45 min, chloramphenicol (50 μg/mL final concentration) was 
added to halt expression.  
The cells were pelleted at 2000 g for 20 min and washed thrice with in-cell NMR 
buffer [200 mM HEPES, 100 mM bis-tris propane, 150 μg/L ampicillin, and 50 μg/mL 
chloramphenicol dissolved in 10 % D2O (pHread 7.8)]. The pellet was resuspended in 
250 μL of in-cell NMR buffer. Experiments were conducted with a Bruker Avance III HD 
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spectrometer equipped with a QCI cryoprobe operating at a 19F Larmor frequency of 
470 MHz. Spectra comprised 32768 points, 512 scans, an acquisition time of 0.9 s, and 
a sweep width of 20 ppm. Data were processed with TopSpin Version 3.6.1. 
19F NMR spectra of supernatants from cell slurries were acquired to assess GB1 
leakage.62 After each experiment, the cells were gently pelleted at 2000 g, and a 
spectrum of the two-fold diluted supernatant was acquired. Leakage was not observed. 
After the in-cell experiment, the cells were lysed, pelleted and a lysate spectrum was 
obtained as previously described.5 
The protein was purified and buffer spectra acquired as described.13 The 
monomer and dimer peaks were integrated to give their relative populations at five GB1 
concentrations using serial dilution. The data were fit to yield a 𝐾𝐷→𝑀 at 298 K and pH 
7.5 of ~20 M. 
Results and Discussion 
The spectrum of A34F GB1 in buffer exhibits two peaks, one for the monomer 
and one for the dimer (Figure 1A). As required by Le Chatelier’s principle, the fraction of 
dimer increases with increasing GB1 concentration (Figure 3.1A). 
Next, we examined the effect of IPTG concentration on expression of the variant 
in Tuner (DE3)- and BL21 (DE3)- cells. The stochastic nature of expression in BL21 
(DE3) cells is shown by the observation that the signal increases at the higher IPTG 
concentrations but only the dimer is observed at both concentrations (Figure 3.1B). The 
observation of only dimer is consistent with the fact that intracellular concentration of 
GB1 under these conditions is approximately 2 mM per cell.63 In other words, GB1 is 
highly expressed in a small fraction of cells at low IPTG concentration and highly 
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expressed in all cells at a high IPTG concentration. As a control, cells were then lysed 
and the lysate diluted four-fold to confirm that the monomer is present (Figure 3.1B). 
The rheostatic tunability of Tuner (DE3) cells is indicated by the observation that 
only monomer is detected at a low IPTG concentration and only dimer is detected at 
high IPTG concentration (Figure 3.1C). Expression increases with IPTG concentration 
in Tuner cells63 and both monomer and dimer are observed at intermediate IPTG 
concentrations (Figure S3.1). That is, in Tuner cells, IPTG concentration controls GB1 
concentration across all cells, and Le Chatelier’s principle requires that higher 







Figure 3.1. 19F NMR spectra acquired at 298 K of A34F GB1 in (A) buffer at pH 7.5, (B) 
in BL21- , and (C) in Tuner- cells. The resonance from F- can be seen in panel A. The 
resonance from excess 6-fluoroindole (6-FI) can be seen in panels B and C. 
 
 
The dimer resonance has a larger width-at-half-height compared to the monomer 
in cells (Figure 3.1) and lysates (Figure S3.1) compared to buffer. This increase may 
arise from dimer-specific attractive interactions in the cellular milieu that are absent in 
buffer. We are testing this and other ideas via surface amino acid changes. 
In summary, our results show that Tuner (DE3) cells can be used to vary protein 
expression in E. coli in a homogeneous, rheostatic manner. In future studies, we will 
quantify the equilibrium constant for dissociation of the dimer in cells and assess the 
effect of interactions between the dimer and the intracellular milieu.64 
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Supporting Information for Rheostatic control of protein expression using Tuner cells: 
 
Figure S3.1. 19F NMR spectra acquired at 298 K of A34F GB1 in Tuner cells at an 
intermediate inducer concentration concentration and a lysate spectrum at a high 
inducer concentration. The resonance from excess 6-fluoroindole (6-FI) is also 
observed.  
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CHAPTER 4: THE INTRACELLULAR ENVIRONMENT TUNES PROTEIN-PROTEIN 
INTERACTIONS3 
Introduction 
Proteins rarely work alone. Networks of protein-protein interactions turn a myriad 
of chemical signals into physiological responses that maintain intracellular homeostasis 
65. Therefore, it is unsurprising that nearly two thirds of disease-causing missense 
mutations involve protein complexes 2. However, nearly all equilibrium thermodynamic 
and kinetic studies of protein-protein interactions have been performed in dilute buffer. 
Acquiring quantitative equilibrium data on protein complexes in cells despite the fact 
that living things are not at equilibrium is important for two reasons. First, the equilibrium 
condition is the starting point for estimating the driving force under non-equilibrium 
conditions 66. Second, recent results on protein stability show that conclusions from 
experiments conducted in dilute solution cannot be extrapolated to the crowded and 
complex intracellular environment 67. 
The cellular interior contains a variety of proteins, nucleic acids, and small 
molecules. In the bacterium Escherichia coli, the concentration of macromolecules can 
exceed 300 g/L and occupy up to 30% of volume 68. The macromolecule concentration 
in eukaryotic cells is smaller 69 but still hundreds of times larger than the solute 
concentrations used in most in vitro studies. Furthermore, the majority of proteins in the 
 
3 Shannon L. Speer, Wenwen Zheng, Xin Jiang, I-Te Chu, Alex J. Guseman, Maili Liu, Gary J. Pielak, 
Conggang Li 
 36 
cells studied here, E. coli and oocytes, are net polyanions with mean isoelectric points 
of 6.6 and 6.7, respectively 70. Understanding how the intracellular environment 
modulates protein- and protein complex- stability is important because the totality of 
weak interactions in-cells form the so-called quinary structure that organizes the 
crowded cellular interior 10, 71, 72. Importantly, these interactions cannot be measured in 
dilute solutions. 
The physical consequences of macromolecular crowding arise from two 
components: hard-core repulsions and so called “soft” chemical interactions 64. Hard-
core repulsion is a steric effect, arising from impenetrable nature of atoms. Steric 
repulsions reduce the volume available to reactants and products and favor compact 
states. In the simple crowding theory, proteins are treated in as hard spheres. For small 
folded proteins such as the one studied here, stability is described by the two-state 
equilibrium between the biologically active folded state and the inactive, higher energy, 
and less compact unfolded state 73. For protein complex formation involving folded 
proteins, which involves an equilibrium between constituent proteins and the complex, 
the complex is usually more compact 60. Thus, hard-core effects are expected to 
stabilize proteins and protein complexes. 
Soft interactions include charge-charge, hydrophobic and hydrogen bonds. Of 
these, the only repulsive interaction is that from the opposition of like charges. These 
repulsions add to the hard-core effect and are therefore stabilizing. The other soft 
interactions are attractive and are destabilizing because they favor expanded 
conformations that allow access to the attractive surfaces. 
Until recently the focus was on hard core interactions and crowding 7 because 
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studies of protein stability (quantified as the free energy of unfolding, Δ𝐺𝑈
𝑜′) in uncharged 
synthetic polymers tend to show only a stabilizing influence compared to buffer alone 64. 
However, recent studies of stability under more physiologically relevant crowded 
conditions and in living cells show, by-and-large, a decrease in stability 67. Studies of 
protein-protein interactions in vitro under physiologically relevant crowded conditions 
also show the importance of chemical interactions 60, 74. 
Yeast two-hybrid techniques, co-immunoprecipitation and split systems provide 
simple yes/no, information about protein interactions in cells, however, these 
methodologies are also prone to false positives.  The protein-protein interface can also 
be characterized by in-cell NMR. However, quantification of the equilibrium 
thermodynamics of complex stability is challenging in cells. The few reports tend to 
involve heterodimerization, which can be complicated to assess because the 
concentration of both reactants must be controlled, most FRET labels can add hundreds 
to thousands of Da must be included and because of competition between the labeled 
proteins, which are required for quantification, and the natural, unlabeled, proteins 
already present in cells 11, 12, 75-79. 
Here, we use the simplest type of complex and a label that adds only a few Da. 
The homodimer formed by the A34F variant of the 6.2 kDa domain of protein G (GB1, 
Fig. 4.1A) is well characterized in buffer 61 and under crowded conditions 13, 60. Both the 
monomer and dimer are folded, and dimerization involves neither a significant 
conformational change nor a large reduction in surface area. The effect of surface 
charge has also been assessed 9. Importantly, GB1 is not found in the cells, which 
means there are no competing specific interactions from endogenous proteins. 
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  To gain broadly applicable information, we assessed complex stability in a 
prokaryote (E. coli) and a eukaryote (Xenopus laevis oocytes). To detect dimerization, 
we used simple fluorine labeling techniques and 19F NMR, which is advantageous for 
studying sensitive living cells because acquisition of spectra requires only a few 
minutes. Replacing a side chain hydrogen atom with a fluorine adds only 18 Da and has 
a small or negligible effect on structure and stability. Furthermore, the reaction between 
the monomers and the dimer occurs much more slowly than the frequency difference 
between their resonances, which means that monomer and dimer concentrations are 
directly proportion to the area of their resonances 61. Specifically, the sole tryptophan of 
GB1 was replaced by 6-fluorotryptophan (6FW) 33 or its three tyrosines were replaced 
by 3-fluorotyrsine (3FY) 80. These two labeling strategies were used because they 
provided the highest quality data in the two different cell types. 
To quantify dimer formation in dilute solution, we measured the fraction of GB1 
dimer as obtained from integration of the 19F resonance, as a function of GB1 
concentration. These binding isotherms (Fig. 4.1C and 4.2C) were fit to equation 1 81, 
where 𝐹𝑑is the fraction of dimer and 𝑃𝑡 is the total GB1 concentration in cells or in buffer 






Stability is defined as the free energy of homodimer dissociation, Δ𝐺𝐷→𝑀
𝑜′ =
 −𝑅𝑇𝑙𝑛(𝐾𝐷→𝑀), where R is the gas constant in kcal/mol and T, is the absolute 
temperature. Uncertainties are represented as the standard deviation of mean from 
triplicate measurements. The stability in buffer alone was determined as described 82. 
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Figure 4.1. Complex formation in E. coli. (A) Dissociation of the A34F GB1 side-by-side 
homodimer (PDB ID code 2RMM) showing the 6-fluorotryptophan at position 43. (B) 19F 
NMR spectra acquired at 298 K of the 6-fluorotryptophan-labeled protein in dilute 
solution 0.500 mM GB1 in 20 mM phosphate buffer (pH 7.5) and E. coli using inducer 
concentrations of 1.0 mM (green) and 0.24 mM (purple) with the cytosol buffered at pH 
7.6. (C) Dissociation constants were quantified from the binding isotherms acquired in 
cells (green) and buffer (orange). Error bars represent the standard deviation of the 




Figure 4.2. Complex formation in X. laevis oocytes. (A) Dissociation of the A34F GB1 
side-by-side homodimer (PDB ID code 2RMM) showing the 3-fluorotyrosines at 
positions 3, 33, and 45. (B) 19F NMR spectra acquired at 288 K of 3-fluorotyrosine-
labeled protein in 20 mM phosphate buffer (pH 7.4) and oocytes (black, as acquired; 
purple, deconvoluted dimer; green, deconvoluted monomer; orange, sum of 
deconvolutions) (C) Dissociation constants were quantified from binding isotherms 
acquired in oocytes (green) and buffer (orange). The uncertainties, which are from least 
squares fitting, are smaller than the points. 
 
 
To assess dimerization in E. coli (Fig. 4. 1A), GB1-expressing plasmids were 
transformed into a strain containing the ΔlacZY mutation to assure tunable control of 
protein expression GB1 83, the protein was labeled by adding 6-fluoroindole to the 
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medium 60. Leakage was tested 62 after each experiment. None was observed 83 (fig. 
S4.3). The 19F resonances from the monomer and dimer (Fig. 4.1B) are broader in cells 
than in buffer (Fig. 4.1B) due to attractive interactions between the GB1 and other 
cytosolic proteins and slightly increased viscosity in cells (fig. S4.4) 80. Quantification of 
populations requires complete recovery of longitudinal magnetization, which was 
accomplished with a 4 s delay between acquisitions. Monomer and dimer resonances 
were fully resolved, and only a few Hz of line broadening was applied prior to Fourier 
transformation. The GB1 concentration was varied by using different inducer 
concentrations (fig. S4.5). Mass spectrometry combined with flow cytometry was used 
to assess 𝑃𝑡 84. The NMR and protein concentration data were combined to construct 
binding isotherms (Fig. 4.1C), which were used to determine Δ𝐺𝐷→𝑀
𝑜′  by least square 
fitting.  
 For X. laevis oocytes experiments, we microinjected the purified 15N-enriched, 
3FY-labeled A34F protein (Fig. 4.2A) along with a proteinase inhibitor cocktail to 
prevent degradation, and recorded 19F spectra (Fig. 4.2B) and 1H-15N HSQC spectra 
(fig. S4.6). The internal pH of oocytes is 7.4 85. The similarity of spectra acquired in 
oocytes to those acquired in buffer alone at the same pH (fig. S4.6) suggests that the 
structures are unchanged. As noted 86, resonances are broader in oocytes than in 
buffer, but not as broad as in E. coli. After each in-cell NMR experiment, the 
supernatant was reexamined by NMR. No leakage was observed (fig. S4.7).  19F 
spectra acquired before and after acquisition are nearly identical (fig. S4.7), indicating 
that the dimer and monomer concentration is constant in oocytes throughout the 
experiment. We used a combination of NMR and microscopy to determine 𝑃𝑡 (fig. S4.8). 
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The concentration of GB1 in the NMR tube was obtained by reference to a sample of 
known concentration in buffer alone.69 We used a microscope to measure an average 
oocyte volume of 1.0 ± 0.2 μL (fig. S4.8), consistent with another report 87.  𝑃𝑡 is the 
product of average volume and the number of oocytes used in the NMR experiment.  
19F spectra were fitted to Lorentzian line shapes before Fourier transformation (Fig. 
4.2B).  The combined results used to construct binding isotherms (Fig. 4.2C), which 
were used to determine Δ𝐺𝐷→𝑀
𝑜′  by least square fitting. A complete list of 𝐾𝐷→𝑀 and 
Δ𝐺𝐷→𝑀
𝑜′  values acquired in E. coli, oocytes and buffer is given in table S1. 
 The interior of both E. coli cells and oocytes stabilize the A34F dimer relative to 
buffer (Figs. 4.1C and 4.2C). Such stabilization was initially surprising because the 
cytoplasm of both prokaryotic and eukaryotic cells usually destabilizes globular proteins 
67. Any small differences between intracellular pH and the buffered dilute solutions 
cannot explain the stability difference because dimer stability changes only by ~0.1 
kcal/mol between pH 6.2 and 7.5 9 and the stability of GB1 is insensitive to 
physiologically-relevant ionic strength 88. We suggest that the stabilization in cells arises 
mostly from repulsive chemical interactions between the client protein and the cellular 
milieu. 
The idea that increased dimer stability in cells arises from hard-core repulsions 
seems unlikely for two reasons. First, we know from in vitro crowding studies that the 
A34F variant is nearly insensitive to hard-core repulsive effects 60. Second, if we 
interpret the results using traditional theories and bear in mind that E. coli cells are more 
crowded than oocytes 69, the expectation is that the dimer would be more stable in E. 
coli, but the opposite is true. This analysis suggests that chemical interactions play a 
Figure 2 Dissociation constants of A34F (black), A34F;N37D (blue), A34F;K10N (red) and A34F;D40N (green). (a) 19F spectral in 
oocytes, D: dimer, M: monomer. (b) Kd of A34F, A34F;N37D and A34F;K10N was quantified from binding isotherms at five different 
concentrations. (c) The difference of dissociation constants between three charge mutants and GB1 A34F (ΔKd) in PB, lysates and oocytes, 
error bar is from peak fitting standard error. 
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key role in protein-complex stability in cells, and, specifically, the stabilizing effect in 
both cell types arises from the repulsion between A34F protein, which has a charge of -
4 in cells and the overall net-negative charge on the intracellular proteins 70, 89.  
 
 




𝑜′ ). Positive values indicate increased stability and vice versa. 
Uncertainties are propagated from the uncertainties in ∆𝐺°′𝐷→𝑀. The absence of error 
bars indicates minimum magnitude of ΔΔ𝐺𝐷→𝑀
𝑜′ for variants exhibiting only dimer or 
monomer in cells. 
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To test the role of electrostatic interactions between GB1 and the cellular milieu, 
we studied variants that alter the surface charge, comparing their stabilities to that of the 
A34F protein in buffer (i.e., ΔΔ𝐺𝐷→𝑀
𝑜′ = Δ𝐺𝐷→𝑀,𝑣𝑎𝑟𝑖𝑎𝑛𝑡,𝑏𝑢𝑓𝑓𝑒𝑟/𝑐𝑒𝑙𝑙𝑠
𝑜′  −  Δ𝐺𝐷→𝑀,𝐴34𝐹,𝑏𝑢𝑓𝑓𝑒𝑟
𝑜′ , Fig. 
4.3). The A34F;D40N variant has less charge, -3, than wild-type A34F, -4. Two of the 
variants A34F;K10N and A34F;N37D have a greater charge, -5, than wild-type A34F 
GB1, -4.The estimated net charge, predicted using Protcalc, on each protein at 
physiologically relevant pH values is shown at the top of Fig. 4.3. The changes are all in 
loops 61 and are expected to have a small effect on structure. Inspection of 15N-1H 
HSQC acquired in buffer alone (figs. S4.9 and S4.10) confirm this expectation, showing 
indication of dimer formation by signature resides such as T17. For certain variants only 
the monomer or dimer is observed in cells (fig. S4.11 and S4.12). For these proteins, 
we used the minimum or maximum detectable stability (table S4.1) to estimate the 
minimum magnitude of ΔΔ𝐺𝐷→𝑀
𝑜′  Fig. 4.3. Therefore, the actual positive and negative 
values of ΔΔ𝐺𝐷→𝑀
𝑜′ are larger and smaller than the estimated values, respectively.  
First, we consider ΔΔ𝐺𝐷→𝑀,𝑣𝑎𝑟𝑖𝑎𝑛𝑡,𝑏𝑢𝑓𝑓𝑒𝑟
𝑜′  in buffer. Both 6FW- and 3FY- labeled 
proteins (orange and gray bars, respectively) show the same trends, indicating that it is 
reasonable to compare the differently labeled proteins. Two of the three variants behave 
as anticipated in buffer based on charge. For A34F;D40N, the decrease in charge-
charge repulsions between monomers compared to A34F (-4 to -3), increases dimer 
stability.  For A34F;K10N, the increase in repulsions between monomers (-4 to -5) 
decreases stability. Contrary to this simple idea, A34F;N37D variant (also (-4 to -5) is 
more stable than A34F, but the side chain of residue 37 is near the dimer interface 61, 
so there may be slight perturbations to structure. Both A34F;K10N and A34F;N37D 
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make hydrogen bonds for residues within the dimer interface, but A34F;D40N has no 
polar contacts to any other atom. 
The behavior of the charge-change variants in both E. coli cells and oocytes is 
consistent with fact that most cellular proteins possess a net negative charge 70, 89. 
Specifically, if charge-charge interactions are important, we expect that the more 
negative the charge on the homodimer, the stronger the intermolecular repulsion in cells 
and the more stable the complex. This prediction is borne out by the data for both cell 
types, even though some of the stabilities cannot be quantified because only the dimer 
or monomer is observed. Furthermore, their increased stability in oocytes occurs 
despite the fact that the g/L protein concentration in oocytes is only about half that of E. 
coli 69. These observations show that chemical interactions are a key determinant of 
protein behavior in cells. 
We can also integrate our knowledge about protein- and protein-complex stability 
in cells by considering the shapes of the products and reactants.  Early expectations for 
protein stability were based on ideas that globular proteins should stabilized under 
crowded conditions because the native state occupies less space than the unfolded 
state. The validity of these ideas, however, depends in some sense on treating both 
states as hard, sphere-like objects, which certainly is not the case for the unfolded state. 
Unfolding proteins also have exposed sites for attractive interactions such as hydrogen 
bonding and hydrophobic contacts, which lead to destabilization. For protein-protein 
interactions such as the one studied here, both the reactants and products can be 
considered more like hard objects such that attractive and repulsive interactions can be 
simply rationalized. This is further supported by a recent study showing A34F is barely 
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affected by hard-core repulsions in dilute buffer. Perhaps the strongest pieces of 
evidence for the importance of charge-charge interactions is cells are that all the 
charge-change variants have essentially the same excluded volume, yet show radically 
different behaviors in cells and the fact that excluded volume arguments only predict 
increases in stability under crowded conditions, yet the A34F;D40N variant is less stable 
in cells than it is in buffer. A34F;D40N may be less stable in E. coli cells because it is 
less charged it may experience more attractive chemical interactions. 
Protein-protein interactions allow cells to respond to chemical and physical 
stimuli, but non-specific interactions in the crowded cellular interior inevitably compete 
with specific interactions and interfere with signal transduction. Protein surface charge 
has been shown to play a determinant role for protein diffusion in cells due to non-
specific interactions within the cytoplasm 90-92. Our study shows that increasing the 
negative charge on a protein complex can enhance a specific protein-protein 
interaction.  The data also suggest a reason why post translational modifications such 
as methylation, acetylation, and protein phosphorylation, which adds negative charge, 
are used to control signaling. Charge-charge interactions are also important for proper 
protein function. For instance, a single surface-charge change causes sickle cell 
disease 93 and myoglobin surface charge correlates with diving ability in mammals 94, 
and the charge on the loops regions in crystallin are key to eye lens formation 95.  
Therefore, investigating how the cellular environment tunes specific protein-protein 




APPENDIX 1: SUPPORTING INFORMATION 
Plasmids 
pET-11a harboring the gene for the T2Q;A34F mutant of GB1 was used as the basis of 
the project. The T2Q change prevents N-terminal degradation, 96 and the A34F change 
causes dimer formation 61. The GB1 proteins discussed here carry these two changes. 
Agilent Quick-Change kits, A34F;D40N, or gene synthesis (Gene Universal), 
A34F;K10N and A34F;N37D was used to construct other mutants.  
 
6-Fluorotryptophan (6-FW) Labeled Protein 
Protein was expressed and purified as described 82. Briefly, a 1-L culture of E. coli strain 
BL21 DE3 harboring a GB1 construct was grown in ampicillin-containing (100 µg/L final 
concentration), 15N-enriched M9 media (6.78 g/L Na2HPO4, 3 g/L KH2PO4, 0.5 g/L NaCl, 
1 g/L 15NH4Cl, 4 g/L D-glucose, 2 mM MgSO4, 1 mM CaCl2, 1 mM ampicillin) with 
shaking at 37 °C at 225 rpm (New Brunswick Scientific, Innova I26). When the cells 
reached an optical density at 600 nm (OD600) of 0.6 – 0.8, 1 g N-
(phosphonomethyl)glycine, 60 mg phenylalanine, 80 mg tyrosine were added. Next, 60 
mg of 6-fluoroindole (6-FI; Sigma-Aldrich) was dissolved in 250 µL of dimethyl sulfoxide 
(DMSO) and added. After shaking for an additional 45 min, protein expression was 
induced with isopropyl β-D-1-thiogalactopyranoside (IPTG) at a final concentration of 1 
mM.  
 
After 2 h, the cells were pelleted at 4000g for 30 min. The supernatant was discarded, 
and the cells were lysed by sonication (Fischer Scientific Sonic Dismembrator model 
500, 15% amplitude, 10 min, 0.50 s on, 0.50 s off) in 30 mL of 20 mM tris (pH 7.5) 
containing protease inhibitor (Roche, cOmplete, EDTA-free inhibitor cocktail). The 
lysate was centrifuged at 15000g for 45 min to remove cell debris. The supernatant was 
filtered (0.45 µm) and loaded on a 16 mm x 25 mm Q Sepharose anion exchange 
column attached to a GE ÄKTA FPLC. Protein was eluted over a 0-50% linear gradient 
of 20 mM tris (pH 7.5) to 20 mM tris, 2 M NaCl (pH 7.5) at 277 K. Fractions were 
assessed using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) with Coomassie blue staining. Fractions containing GB1 were concentrated 
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using a 3000 Da Amicon centrifugal concentrator. The concentrated sample was loaded 
on a 16 mm x 600 mm GE Superdex-75 size exclusion column and eluted with 1X M9 
salts (3 mM Na2HPO4, 2 mM KH2PO4, 9 mM NaCl, pH 7.5 at 277 K).  
 
Fractions were assessed with SDS-PAGE using Coomassie staining. Purified fractions 
containing GB1 were concentrated using a 3000 Da cut off Amicon centrifugal 
concentrator, and buffer exchanged into sterilized deionized H2O (18-M). Protein 
concentration was quantified using a NanoDrop One Spectrophotometer 
(ThermoFisher) and an extinction coefficient of 9970 L M-1 cm-1 97. Purified protein was 
split into 500 µM aliquots, lyophilized for 12-16 hours, and stored at -20°C. Protein was 
resuspended in 20 mM sodium phosphate buffer (pH 7.5) containing 10% D2O for NMR 
experiments. 
 
3-Fluorotyrosine (3-FY) Labeled Protein 
15N-enriched, 3-fluorotyrosine labeled protein was prepared as described 86, 98. Briefly, a 
single colony of E. coli strain BL21 DE3 containing the appropriate GB1-harboring 
plasmid was inoculated in 10 mL of LB media (10 g/L tryptone, 5 g/L yeast extract, 10 
g/L NaCl, 1 mM ampicillin). The culture was shaken overnight at 37 ºC and transferred 
to 100 mL of tryptone-yeast media (16 g/L tryptone, 10 g/L yeast extract, 5 g/L NaCl, 1 
mM NaOH, 1 mM ampicillin). After 2 h of shaking at 37 ºC, the cells were centrifuged 
and the pellet resuspended in 1 L of 15N-enriched M9 media and shaken at 37 °C. When 
the cells reached an OD600 of 0.4, 0.5 g of glyphosate, 70 mg of 3-fluorotyrosine, 60 mg 
of tryptophan, and 60 mg of phenylalanine were added. The culture was then grown to 
an OD600 of 0.6, and protein expression was induced with 1 mM isopropyl IPTG. After 
2 hr the pellet was collected by centrifugation at 6000 rpm (JA-10 rotor, Beckman 
coulter) for 10 min and stored at -20 ºC. 
 
The pellet was resuspended in 20 mM tris, pH 7.5. The lysate was obtained from 
sonication (Scientz-IID JY92-IIN, 40% amplitude, 30 min, 3 s on, 6 s off) was 
centrifuged for 30 min at 20000 rpm (JA-25.5 rotor, Beckman coulter). The supernatant 
was loaded on a 16 mm x 100 mm anion exchange column (GE HiPrep DEAE FF 
16/10) attached to a GE ÄKTA FPLC. The protein was eluted with a gradient from 0 to 1 
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M NaCl. The fractions were assessed by SDS-PAGE with Coomassie staining. GB1-
containing fractions were concentrated using a 3000-molecular-weight-cutoff Amicon 
centrifuge filter and loaded on a 26 mm x 600 mm GE Superdex-100 size exclusion 
column equilibrated with 20 mM tris, 250 mM NaCl, pH 7.5 at 277 K.  GB1 containing 
fractions were exchanged into triply-distilled H2O (1.5 MΩ cm) with a desalting column 
(GE HiPrep 26/10, Sephadex G-25F). Purity was assessed with SDS-PAGE and 
Coomassie staining. Pure GB1 containing fractions were concentrated and buffer 
exchanged into sterilized deionized H2O. Protein concentration was quantified at 280 
nm as described above. The purified protein was lyophilized (Alpha 1-4 LD plus, Martin 
Christ) and stored at -20 ºC. Dimer stability in buffer was assessed as described by 
Guseman and Pielak 82. 
 
E. coli In-cell NMR 
Samples were prepared as described 83. Briefly, a plasmid containing the gene for a 
GB1 variant was transformed into Tuner (DE3) cells (Novagen) by heat shock. A single 
colony was used to inoculate 5 mL of LB media supplemented with 100 µg/L ampicillin. 
After the culture was shaken at 37 °C at 225 rpm for 6–8 h, 500 µL was used to 
inoculate 100 mL of M9 media. The 100 mL culture was incubated with shaking at 37 °C 
overnight and added to 100 mL of fresh supplemented M9 media. The culture was 
incubated at 37 °C. When the OD600 reached 0.6 – 0.8, 12 mg of 6-fluoroindole 
dissolved in 250 µL DMSO was added. After shaking for an additional 45 min, IPTG was 
added to induce protein expression. After 45 min, 50 µg/L chloramphenicol was added 
to halt protein expression.  
 
Three 1 mL aliquots were taken from the in-cell culture for liquid chromatography mass 
spectrometry to determine protein concentration as described 63. The cells were pelleted 
at 2000g for 20 min and washed three times with an in-cell NMR buffer (200 mM 
HEPES and 100 mM bis-tris propane dissolved in 10% D2O, pH 7.6). The pellet was 
resuspended in 250 µL of in-cell NMR buffer. To check for leakage, after each in-cell 
spectrum was obtained, the sample was gently pelleted, and a spectrum of the 2-fold 
diluted supernatant was acquired. No leakage was observed. Example supernatant 
samples were similar to those reported by Chu et al. 83. 
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E. coli In-cell NMR HSQCs 
Samples were prepared as described 83. Briefly, a plasmid containing the gene for a 
GB1 variant was transformed into Tuner (DE3) cells (Novagen) by heat shock. A single 
colony was used to inoculate 50 mL of LB media supplemented with 100 µg/L ampicillin. 
After the culture was shaken at 37 °C at 225 rpm for 6–8 h, the cells were pelleted at 
2000g (Sorvall ST 16 Centrifuge) for 10 min. The pellet was then resuspended with 200 
mL of supplemented M9 media. The culture was incubated at 37 °C. When the OD600 
reached 0.8, 12 mg of 6-fluoroindole dissolved in 250 µL DMSO was added. Then the 
cells were shaken until an OD600 of 1.2 was reached, 1 mM of IPTG was added to 
induce protein expression. After 3 h, 50 µg/L chloramphenicol was added to halt protein 
expression.  
 
Three 1 mL aliquots were taken from the in-cell culture for liquid chromatography mass 
spectrometry to determine protein concentration as described 63. The cells were pelleted 
at 2000g for 10 min. The pellet was resuspended in 250 µL of in-cell NMR buffer (1 x 
M9 in 10% D2O, pH 7.5). To check for leakage, after each in-cell spectrum was 
obtained, the sample was gently pelleted, and a spectrum of the 2-fold diluted 
supernatant was acquired. No leakage was observed. Example supernatant samples 
were similar to those reported by Chu et al. 83. 
 
Preparing Xenopus laevis oocytes for NMR 
Oocytes were prepared as described 99. Briefly, ovary lobes were surgically removed to 
ND96-Ca2+ buffer (96 mM NaCl, 2 mM KCl, 1 mM MgCl2, 5 mM HEPES, pH 7.4). After 
washing, the ovaries were digested with collagenase (2 mg/mL final concentration). 
Oocytes were then washed in ND96 (96 mM NaCl, 2 mM KCl, l mM MgCl2, 5 mM 
HEPES, pH 7.4) and then ND96 containing 1.8 mM CaCl2. Stage-Ⅵ oocytes were 
selected for microinjection. The protein solution (about 40 nL contain 30% v/v P1860-
protease inhibitor cocktail (Sigma-Aldrich)) was injected into each oocyte via an IM-300 
microinjector (Narishige Co. Ltd., Tokyo, Japan). About 100 oocytes in ND96 buffer 
containing 10% D2O were transferred to a Shigemi micro-NMR tube. 
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NMR of 6FW-labeled Proteins 
19F NMR experiments were performed at 298 K on a 500 MHz Bruker Avance III HD 
spectrometer equipped with a QCI cryogenic probe. Data were analyzed using TopSpin 
3.6.1. Spectra comprised 32768 points, 512 scans, an acquisition time of 0.9 s, and a 
sweep width of 20 ppm. The 15N-1H HSQC spectra comprised of 2048 points 15N and 
128 points 1H, 64 scans, an acquisition time of 0.12 s for 15N and 0.02 s for 1H and a 
sweep width of 44 ppm for 15N and 13 ppm for 1H. Data were processed with nmrPipe 
and NMRViewJ. The spectra were acquired in 200 mM Hepes, 100 mM bis-tris 
propane, 150 g/mL ampicillin and 50 g/mL chloramphenicol in 10% D2O (pH 7.6). The 
GB1 concentration was varied from 20 M to 2 mM. 
 
HSQCs of 6FW-labeled Proteins in Living Cells 
15N-1H HSQC spectra experiments were performed at 298 K on a 600 MHz Bruker 
Avance III HD spectrometer. Data were analyzed using TopSpin 3.6.2. Spectra 
comprised of 2048 points 15N and 128 points 1H, 32 scans, an acquisition time of 0.12 s 
for 15N and 0.02 s for 1H and a sweep width of 44 ppm for 15N and 13 ppm for 1H. Data 
were processed with nmrPipe and NMRViewJ. The spectra were acquired in 1 X M9 
and 50 g/mL chloramphenicol in 10% D2O (pH 7.5). The GB1 concentration was 2 
mM. 
 
NMR of 3FY-labelled proteins 
Experiments were performed at 288 K on a 600 MHz spectrometer (Bruker) equipped 
with H/F/(C, N) triple-resonance cryogenic probe. 19F spectra were acquired with a 
sweep width 11.31 kHz, a relaxation delay 2.5 s and an acquisition time of 1.45 s. The 
number of pulses was 1024. The spectral width of 1D 1H-15N HSQC spectra was 16 
ppm for 1H, a relaxation delay 1.5 s and an acquisition time of 0.11 s. The number of 
pulses was 512. For 1H-15N HSQC, the spectral width was 16 ppm for 1H and 40 ppm 
for 15N, a relaxation delay of 1.5 s and an acquisition time of 0.11 s. The number of 
pulses was 16. The spectra were acquired in 20 mM sodium phosphate in 10% D2O at 




Data were analyzed using TopSpin 3.6.1 or 3.2 with line-broadening of 19F and 1D 1H-
15N HSQC spectra of 4.0 Hz and 0.3 Hz, respectively. Peak fitting of 19F spectral and 
the area of dimer and monomer peak was accomplished with Topspin or OriginPro 
8.5.1. Relative populations of dimer and monomer were obtained via integrations. The 
fraction of dimer (Fd) was calculated by dividing the integral of the dimer peak by the 
sum of the integrals of the monomer and dimer peaks. Data were fit to Eq. 1 using 
MATLAB (R2020A) or Origin.  
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Figure S4.1. Quantifying dissociation of 6-fluorotryptophan labeled A34F-4, A34F; N37D-
5, A34F; D40N-3, and A34F; K10N-5 GB1 in buffer. Uncertainties are the standard 






Figure S4.2. Quantifying dissociation of 3-fluorotyrosine labeled A34F-4, A34F; N37D-5, 
A34F; D40N-3, and A34F; K10N-5 GB1 in buffer. Superscripts denote net charge at pH 














Figure S4.3. 15N-1H HSQC of 19F-Trp lad GB1-4, A34F; D40N-3, A34F-4, A34F; K10N-5, 
and A34F; N37D-5 in living E. coli cells at 298 K pH 7.5. Lysate and supernatant controls 
verify the protein of interest is being measured inside cells. Supernatant spectra are 







Figure S4.4. 19F spectra of GB1 (orange), GB1; A34F induced in living E. coli cells 
(green) verify that there is no overlap of monomer and 6-FW inside cells. GB1; A34F 
without inducer confirms the second resonance in the GB1 spectrum is 6-FW (purple). 
Control spectrum of 6-FI in buffer (magenta) confirms there is no overlap with the 













Figure S4.5. 19F NMR Spectra of 6-fluoroindole-labeled A34F GB1 in E. coli Tuner cells 




Figure S4.6. 1H-15N HSQC spectra in oocytes (blue) and in buffer (red, 20 mM 





Figure S4.7. A34F GB1 is stable in oocytes for the duration of the NMR experiment, and 
there was no leakage. (a) 19F NMR spectra of A34F GB1 in oocytes (red) and 
supernatant (blue). (b) 1D 1H-15N HSQC spectra of A34F GB1 in oocytes before (black) 





Figure S4.8. Concentration of A34F GB1 in oocytes. (a) Oocytes for in-cell NMR 
experiments. (b) Equation to determine intraoocyte A34F concentration [Abuffer (Aoocytes), 
area of 19F NMR resonance in buffer; nbuffer (noocytes), moles of total protein; cbuffer 
(coocytes), concentration of protein in buffer (oocytes); Vbuffer (Voocytes), volume of buffer]. (c 
and d) Buffer and oocytes containing A34F GB1 in Shigemi micro-NMR tubes and their 





Figure S4.9. 15N-1H HSQC spectra of 6FI-labeled proteins in buffer alone. Superscripts 




Figure S4.10. 15N-1H HSQC spectra of 3FY-labeled proteins in buffer alone.  





Figure S4.11. 19F NMR spectra in buffer and E. coli of 6-fluorotryptophan variants that 
show only monomer or dimer in cells: A34F; D40N-3 (a), A34F-4 (b), A34F; K10N-5, (c) 




Figure S4.12. 19F spectra of 3-fluorotyrosine labeled A34F;D40N−3 (a) , A34F-4 (b) , 
A34F;K10N−5 (c) and A34F;N37D−5 (d) in buffer (red) and oocytes (blue). Superscripts 
denote net charge at pH 7.5. 
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Table S4.1. Equilibrium dissociation parameters at 298 K for 6-fluorotryptophan- and 
288 K for 3-fluorotyrosine- labeled proteins. 





A34F; D40N-3,b, pH 7.6, 6-fluorotryptophan labeled 
20 mM NaPc 9 ± 1d 6.88 ± 0.04 0.84 ± 0.07d 
E. coli only monomer < 6 < 0.7e 
                       pH 7.4, 3-fluorotyrosine labeled 
20 mM NaP 22 ± 1 6.14 ± 0.03 0.34 ± 0.04 
Oocytes only dimer > 7f > 2f 
A34F-4, pH 7.6, 6-fluorotryptophan labeled 
20 mM NaP 37 ± 4 6.04 ± 0.06 0 
E. coli 11 ± 4 6.8 ± 0.2 0.7 ± 0.2 
          pH 7.4, 3-fluorotyrosine labeled 
20 mM NaP 40 ± 2 5.80 ± 0.03 0 
Oocytes 6.5 ± 0.7 6.83 ± 0.06 1.03 ± 0.07 
A34F; K10N-5, pH 7.6, 6-fluorotryptophan labeled 
20 mM NaP 58 ± 3 5.78 ± 0.06 −0.26 ± 0.08 
E. coli only dimer > 7e > 0.7e 
                   pH 7.4, 3-fluorotyrosine labeled 
20 mM NaP 132 ± 6 5.11 ± 0.03 −0.69 ± 0.04 
100 g/L Lysate 48 ± 3 5.69 ± 0.03 −0.11 ± 0.04 
Oocytes 16 ± 2 6.31 ± 0.05      0.51 ± 0.06 
A34F; N37D-5, pH 7.6, 6-fluorotryptophan labeled 
20 mM NaP 16 ± 1 6.54 ± 0.06 0.50 ± 0.08 
E. coli only dimer > 7e > 0.7e 
                     pH 7.4, 3-fluorotyrosine labeled 
20 mM NaP 21.9 ± 0.6 6.14 ± 0.02 0.34 ± 0.04 
Oocytes 1.7 ± 0.1 7.60 ± 0.03 1.80 ± 0.04 
 
Footnotes 
a∆∆𝐺°′𝐷→𝑀 =  ∆𝐺°′𝐷→𝑀,𝑣𝑎𝑟 −  ∆𝐺°′𝐷→𝑀,𝐴34𝐹,𝑏𝑢𝑓𝑓𝑒𝑟 
bSuperscripts denote net charge at neutral pH 
cNaP, sodium phosphate buffer 
dUncertainties are the standard deviation of the mean from triplicate measurements 
e Stabilities greater than or less than the detection limit 
fNot determined because monomer and dimer have similar shifts in oocytes, but lysate data 
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